A self-referenced resonator consisting of two distinct areas of the top electrode made from Mo and a thin (5-30 nm) functional Au layer is shown. The fundamental frequencies for both the shear (∼1 GHz) and longitudinal (∼2 GHz) modes are split in two, such that mass attachment on the functional layer region causes frequency shifts in only one of the resonances, allowing a new approach of using the difference between the two frequencies to be used to measure mass attachment; this reduces the importance of device-to-device variability in absolute resonant frequency as a result of device fabrication.
Split resonances for simultaneous detection and control measurements in a single bulk acoustic wave (BAW) sensor † Ewelina Wajs, * a Girish Rughoobur b and Andrew J. Flewitt a A self-referenced resonator consisting of two distinct areas of the top electrode made from Mo and a thin (5-30 nm) functional Au layer is shown. The fundamental frequencies for both the shear (∼1 GHz) and longitudinal (∼2 GHz) modes are split in two, such that mass attachment on the functional layer region causes frequency shifts in only one of the resonances, allowing a new approach of using the difference between the two frequencies to be used to measure mass attachment; this reduces the importance of device-to-device variability in absolute resonant frequency as a result of device fabrication.
Gravimetric biosensors based on thin film bulk acoustic wave (BAW) resonators have attracted significant interest in recent years mainly due to their high sensitivities, small size and low power, which makes them well-suited to mobile sensing applications, such as point-of-care medical diagnostics. 1 These devices can operate in the GHz frequency range; their sensing principle is based on the resonant frequency shift, Δf r , due to mass attachment and this mass sensitivity is proportional to f r 2 according to Sauerbrey. 2 However, these sensors cannot distinguish among different binding molecules, therefore they need a functionalized layer on the resonator surface. Indeed, such functionalization layers have been reported in DNA sequencing, 3 detection of human fibrinogen, 4 pesticides, 5,6 potassium ions 7 and cancer biomarkers. 8, 9 Typical functional layers with biological affinity such as gold, carbon nanotubes, graphene oxide, ZnO nanowires, supramolecular monolayers or titanium dioxide are needed to achieve this selectivity with acoustic wave devices. 7, [10] [11] [12] [13] [14] Despite this, shifts in frequency are still observed due to changes in the surroundings (i.e. temperature, pressure, humidity) of these devices and cannot be differentiated from "real" mass attachment. [15] [16] [17] Such effects pose a major challenge for the reliable detection of low quantities of biological compounds. Several methods have been proposed to compensate or measure the surrounding conditions of gravimetric BAW resonators. Active compensation techniques using external circuits or a reference device close to the resonator are complex and are costly. 18, 19 A passive compensation technique reported by García-Gancedo et al. was based on using a thicker silicon dioxide as the first acoustic reflector layer, which produced two resonances that can be tracked simultaneously to monitor temperature variations and mass attachment. 20 Nonetheless the SiO 2 layer, which is part of the reflector does not add selectivity to the device and its thermal properties are strongly influenced by the deposition conditions. In this work a simpler mechanism to split the fundamental resonance mode of the gravimetric sensor into two closely separated, distinct frequencies using an additional functional layer thickness is proposed as shown in Fig. 1 . The resonator (R1) that has the Au layer can also be easily functionalized to become sensitive and selective to biological species, whereas the second resonator (R2) without the Au functional layer has negligible frequency shifts since it is not selective to the biological species. The bottom ground electrode which is common to both regions of the BAW resonator is purposefully not patterned; this simplifies the device fabrication. A high density material such as Au is necessary such that a thin layer causes significant frequency splitting while at the same time maintaining mass sensitivity. Resonator R2 can be used to detect other surface effects. Crucially, both resonators have a common top electrode and so a selfreferenced device is achieved, which obviates the need for prior knowledge of the initial resonant frequency as the separation of the resonances alone can be used as the sensing mechanism for mass attachment. The effect of Au thickness on the resonance spectral separation is modelled and characterized herein by fabricating ZnO-based solidly mounted resonators (SMRs).
Finite element method (FEM) simulations illustrated in Fig. 2 demonstrate the resonator region that is activated at different frequencies. FEM simulations were carried out using COMSOL® Multiphysics 5.3 (solid mechanics and electrostatics modules) in 3D with the dimensions of the SMR fabricated. Due to the symmetry of the device, only half of the structure was simulated to reduce computation time. For each resonance region, 500 frequency points were simulated using a free triangular mesh with a 2 µm minimum element size to generate 106 074 degrees of freedom to solve. Material properties from the default COMSOL® Multiphysics library were used with a rotated (∼30°to the z-axis) piezoelectric crystal for the ZnO layer. A low reflecting boundary condition and mass damping model was used to simulate the effect of the ZnO surface roughness and increased Au thickness respectively.
From the FEM simulations in Fig. 3 the lower frequency ( f 1 ) corresponds to the Au/Cr/Mo region (R1) whereas the higher frequency ( f 2 ) corresponds to the Mo region (R2) only for both the thickness shear mode (TSM) and the thickness longitudinal mode (TLM). The separation of the split resonances, f 2 − f 1 , depends on the Au thickness, and increases with a thicker Au layer. Without Au/Cr, the SMR exhibits a single resonance as shown in Fig. 3 (a) and (b) and the admittance amplitude is higher than when a layer of Au/Cr is attached because of the reduced size of the uncoated region. The FEM simulations in Fig. 3(a) -(c) illustrate the frequency separation, which is approximately linear within the Au thickness range investigated. The separation of the two frequencies of the two regions increases by ∼50 MHz and ∼120 MHz for the shear and longitudinal modes respectively as the Au thickness increases from 0 to 30 nm.
The fabrication process of the shear and longitudinal mode ZnO (with inclined c-axis ∼30°) based SMRs is described in our previous works (see ESI †). 17, 21 After the SMR fabrication, the pentagonal region for the functional layer is defined by standard ultra-violet photolithography using AZ2020 nLoF photoresist. By means of thermal evaporation (E306A, Edwards, West Sussex, UK), 5 nm of Cr is deposited as an adhesion layer for the subsequent Au layer, the thickness of which is varied from 5 to 30 nm in 5 nm steps. Lift-off is carried out in n-methyl-2-pyrrolidone, acetone, iso-propanol and de-ionized water to leave a pentagonal shape region (area of 1.42 × 10 −4 cm 2 ) on the resonator with the added Au/Cr layer.
The fabricated SMRs are then characterized on a coplanar probe station by measuring the electrical admittance (Y) in the frequency range from 0.5 GHz to 3.0 GHz using 150 µm pitch ground-signal-ground radio-frequency (RF) probes (Picoprobes, GGB industries Inc., Naples, FL, USA), connected to a vector network analyzer (Model E5062A, Keysight Technologies, Santa Rosa, CA, USA). For each Au layer thickness, 25 devices were tested and average results are calculated. The measured electro-acoustic responses of the fabricated split mode resonators are shown in Fig. 4 . Without any Au, the devices had quality factors, Q, of approximately 60 and electromechanical coupling coefficients of 4.3% and 2.9% for the TSM and TLM respectively.
After the deposition of the Au/Cr layer on the pentagonal section of the Mo top electrode of the SMR device, a clear split of the TSM and TLM into two distinct frequencies is observed in Fig. 4(a) . Similar to the FEM simulations in Fig. 3 , the new resonance at f 1 that appears after Au deposition, shifts towards lower frequencies, whilst the original resonance at f 2 stays at the same frequency at all times. This is because the added Au/ Cr layer acts as a mass load only on region R1 of the resonator. Additional experiments showing the increase in the difference between the two resonances f 2 − f 1 in TLM of the SMR device due to the mass attachment of thiol on Au are described in detail in the ESI (section 5). † The experimental measurement of f 2 − f 1 shown in Fig. 4(b) is slightly different to the simulation of f 2 − f 1 (Fig. 3(c) ) probably due to uncertainty in the experimental thickness or the assumption of ideal material properties in the simulation. The thin films in the fabricated SMRs used physical vapor deposition techniques such as sputtering and evaporation; therefore, the properties of the materials are slightly different from the bulk material, which together with the surface morphology at each interface influence the nucleation of atoms and hence morphology of the next layer. These were not accounted for in the FEM simulations. With 5 nm Au, the electromechanical coupling of f 2 is reduced by ∼30% for both modes whereas the Q-factor showed variable changes (see ESI †). The electromechanical coupling coefficients for f 1 were ∼(0.8-1.5)% with Q-factors ranging from 15 to 70, which were not significantly different from the simulated Q-factors (see ESI †). The extracted gradients of the experimental data are 1.62 MHz nm −1 and 4.53 MHz nm −1 for the TSM and TLM respectively. Corresponding values from the FEM simulations were 1.61 MHz nm −1 and 3.90 MHz nm −1 . From the Sauerbrey's equation for quartz crystal microbalance (QCM), the frequency gap can be approximated using (1):
where ρ ZnO is the ZnO material density, v ZnO is the corresponding acoustic velocity for ZnO (v l for the TLM and v s for the TSM), t Au is the thickness of the Au layer, A 1 is the area of the 24 A more complex analysis is necessary to obtain the relation between the gap and the Au thickness, and incorporating the Cr adhesion layer. It is worthwhile noting that the devices presented here are based on both TSM and TLM, rendering these devices suitable for sensing in both liquid and gas environments. 21 The undeniable advantage of having mass sensitive and mass insensitive modes in a single device can potentially result in simpler, more controllable and more reliable tracking tool for selective mass sensing, whilst eliminating other surface effects (e.g. temperature, humidity, pressure). This can perhaps avoid undesirable false responses without the need for additional 'control' devices or complicated electronics. Another potential benefit of having the split resonances is the fact that significant deviations of the resonant frequencies across devices exist due to thickness variation and orientation of the piezoelectric layer in BAW resonators. In particular, this affect devices operation in the shear resonance that need off-axis piezoelectric layers, which cannot be grown uniformly over large substrates. 25 Having two frequenciesone that is mass sensitive and one that is mass insensitivein this case provides each sensor with its own reference resonant frequency to extract the frequency shift, and eventually the amount of target molecules detected. To demonstrate the viability of the split resonances for FBAR sensors, the real-time sensing in liquid environments using microfluidics 26 and biological sensing experiments 27 should be considered for future works.
Conclusions
In this work, solidly mounted resonators with a functional high density Au layer to split the fundamental resonance modes are shown. Devices are modelled and fabricated exhibiting shear mode resonances at ∼1 GHz and longitudinal modes at ∼2 GHz. The addition of thin Au layers on part of the top electrode splits the resonances and offers the advantage of having a mode that is sensitive to binding on the Au layer and one that remains insensitive to mass binding. The frequency gap is dependent on the Au thickness and is ∼120 MHz for 30 nm Au. A significant achievement of this technique is the ability of each device to have its own reference frequency which enhances reliability and circumvents non-uniformity effects.
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